Compared to µ → eγ and µ → eee, the process µ → e conversion in nuclei receives enhanced contributions from Higgs-induced lepton flavor violation. Upcoming µ → e conversion experiments with drastically increased sensitivity will be able to put extremely stringent bounds on Higgsmediated µ → e transitions. We point out that the theoretical uncertainties associated with these Higgs effects, encoded in the couplings of quark scalar operators to the nucleon, can be accurately assessed using our recently developed approach based on SU (2) Chiral Perturbation Theory that cleanly separates two-and three-flavor observables. We emphasize that with input from lattice QCD for the coupling to strangeness f N s , hadronic uncertainties are appreciably reduced compared to the traditional approach where f N s is determined from the pion-nucleon σ-term by means of an SU (3) relation. We illustrate this point by considering Higgs-mediated lepton flavor violation in the Standard Model supplemented with higher-dimensional operators, the two-Higgs-doublet model with generic Yukawa couplings, and the Minimal Supersymmetric Standard Model. Furthermore, we compare bounds from present and future µ → e conversion and µ → eγ experiments.
I. INTRODUCTION
Flavor-changing neutral current processes are strongly suppressed in the Standard Model (SM) and therefore sensitive even to small new physics (NP) contributions. Lepton flavor violation (LFV) is an especially promising probe of NP since in the SM with massive neutrinos all flavor-violating effects in the charged lepton sector are proportional to tiny neutrino masses.
1 For instance, the decay rates of heavy charged leptons into lighter ones are suppressed at least by m −50 , which are thus by far too small to be measurable in any foreseeable experiment. Therefore, any evidence of charged LFV would be a clear signal of physics beyond the SM.
Different LFV observables are sensitive to distinct combinations of higher-dimensional operators and can therefore distinguish between various models of NP. Processes involving µ → e transitions are especially powerful in discriminating NP scenarios since three different channels with excellent experimental sensitivity are available:
2 µ → eγ, µ → eee, and µ → e conversion in nuclei. They provide at present the strongest constraints on LFV. The current limits from the first two processes are Br [µ → eγ] < 5.7 × 10 −13 [3] and Br [µ → eee] < 1.0 × 10 −12 [4] . Moreover, µ → e conversion in nuclei -despite hadronic uncertainties -is expected to be the best channel to experimentally test charged LFV due to the distinctive feature that the energy of the conversion electron lies well above the energy of the particles from ordinary muon decay [5] , contrary 1 For a review we refer to [1] . 2 For a review on muon physics and BSM searches, see e.g. [2] .
to µ → eγ and µ → eee. The current limit on the conversion rate normalized to the muon capture rate
is set by the SINDRUM II experiment at PSI [6] (with gold target nuclei)
Br
Au µ→e ≤ 7 × 10 −13 (2) at 90% confidence level. The DeeMe experiment aims at an accuracy of 10 −14 [7] , while in the future Mu2e at FNAL and COMET at J-PARC [8] [9] [10] are expected to improve the bound on the conversion rate by four orders of magnitude compared to SINDRUM II. Since muon conversion is a coherent process, Br µ→e in (1) is proportional to the atomic number Z in the case of isospinconserving NP. Furthermore, dipole, vector, and scalar operators contributing to µ → e conversion (see (3) below) exhibit different sensitivities to Z. Therefore, a combined phenomenological analysis based on different target nuclei can help discriminate among different isospinviolating NP models.
µ → e conversion is especially important in the context of Higgs-mediated LFV because µ → eγ and µ → eee are suppressed by small Yukawa couplings in this scenario. Higgs-induced LFV occurs in many NP models, such as the two-Higgs-doublet model (2HDM) or the Minimal Supersymmetric Standard Model (MSSM). Furthermore, the Higgs is intrinsically related to flavor physics, motivating a study of the corresponding higher-dimensional operator that generates flavor-changing SM Higgs couplings [11] [12] [13] .
The effects of Higgs exchange are encoded in scalar couplings to the nucleon [14, 15] . While the precision of the forthcoming experiments calls for a careful analysis of the ensuing hadronic uncertainties, 3 these couplings are often extracted [17, 18] using an empirical formula based on soft flavor SU (3) symmetry breaking [19] . In particular, in this approach the scalar couplings involving u-and d-quarks are reconstructed from three-flavor quantities, thus misrepresenting the actual uncertainties due to unnecessary SU (3) assumptions. In this paper we use the nucleon scalar couplings to u-and d-quark as determined in [20] , relating two-flavor dependent quantities to phenomenology in a rigorous, model-independent way based on SU (2) Chiral Perturbation Theory (ChPT), and quantify the effects on µ → e conversion in nuclei.
In Sect. II we provide all formulae relevant for an accurate phenomenological analysis, focusing on the role of hadronic uncertainties. In Sect. III we work out the corresponding constraints on the SM dimension-6 effective operator generating Higgs-mediated LFV, and discuss the specific cases of the MSSM and the 2HDM.
II. THE µ → e CONVERSION RATE
Our starting point is the effective Lagrangian below the electroweak-symmetry-breaking scale containing all operators that contribute to coherent µ → e conversion in nuclei up to dimension 8, with at most four SM fields (see e.g. [14] )
Here F ρν and G ρν are the electromagnetic and the gluon field strength tensors, respectively, P R,L = (1 ± γ 5 )/2 denotes the chiral projectors, and q = u, d, s, c, b, t any quark flavor. The dimensionful Wilson coefficients C are suppressed by increasing powers of the NP scale Λ. We defined them to be renormalization-group invariant (at one loop under QCD).
At the scale where the nucleon matrix elements are evaluated only the light quarks (u, d, and s) are dynamical degrees of freedom, while the contribution from heavy quarks is absorbed into a redefinition of the Wilson coefficient of the gluon operator, by calculating threshold corrections and using the trace anomaly [21] ,
and the same for L replaced by R. The conversion rate is given by
with p and n denoting proton and neutron, respectively. The dimensionless coefficients D, S N , and V N are related to the overlap integrals of the initial-state muon 1S wave function and the final-state electron wave function with the target nucleus. For the numerical estimate of these input parameters we use the outcome of [16] , 4 which followed the approach in [22] . In addition, we defined
which account for the quark content of the proton via the vector (scalar) couplings f
The analogous equations for left-handed operators are obtained by replacing R with L, and those for the neutron by substituting p with n.
In the numerical analysis we will use the values for the u-and d-quark scalar couplings f N q derived in [20] in the framework of two-flavor ChPT. This approach avoids relying on three-flavor input for these two-flavor quantities, contrary to the procedure often applied in the literature [14, 17, 18] where the strangeness content of the nucleon y is combined with another parameter to reconstruct the two-flavor couplings. The latter quantity, which measures the amount of isospin breaking, is usually taken from leading-order fits to the baryon spectrum [19] , which further hinders a proper error estimate due to unknown higher-order corrections. Our approach allows us to directly connect f N u and f N d to the pionnucleon σ-term σ πN and consistently account for isospinbreaking effects, which were overestimated by a factor of 2 in the traditional approach [20] . Summarizing the findings of [20] , the u-and d-couplings are given by
with m u /m d = 0.47 ± 0.04 taken from [23] . We refrain from quoting a range for the σ-term, but rather express our results as a function of σ πN .
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The scalar coupling to the s-quark f N s and the strangeness content of the nucleon y are related via Traditionally, y has been derived from the SU (3) relation y = 1 − σ 0 /σ πN , with σ 0 = (36 ± 7) MeV [37] . However, this approach is very sensitive to the precise value of σ πN , and depending on the σ-term input has led to large values f N s ≈ 0.25 that in view of recent lattice calculations, with m s close to the physical point, appear increasingly unlikely. Therefore, in this paper we use the lattice average from [26] 
A narrower range for y motivated by lattice calculations was already used in [14] . Since the translation to f At leading order in α s the scalar couplings for the heavy quarks are the same, and equal to [21] 
In the next section we focus on Higgs-induced LFV, which naturally generates scalar interactions, see Fig. 1 . We explore the constraints set by experimental limits both for dimension-6 effective operators and in the framework of the 2HDM, and study the impact of different assumptions for the scalar couplings on the estimate of hadronic uncertainties associated with µ → e conversion.
III. HIGGS-MEDIATED FLAVOR VIOLATION
LFV processes have been studied in great detail in many extensions of the SM. For example, in the MSSM non-vanishing rates for LFV processes are generated by flavor non-diagonal SUSY-breaking terms [40] [41] [42] [43] [44] [45] . Extending the MSSM with right-handed neutrinos by the seesaw mechanism [46] gives rise to LFV [47] [48] [49] [50] [51] [52] [53] [54] [55] , as well as allowing for R-parity violation [56] [57] [58] . The Littlest Higgs Model with T -parity [59] , 2HDMs with generic flavor structures [60] [61] [62] [63] , and models with an extended 5 For a compilation of lattice results for σ πN we refer to [24] [25] [26] [27] , for phenomenological determinations to [28] [29] [30] . Its extraction from πN scattering can be improved using the precision measurements of the scattering lengths in pionic atoms [31] [32] [33] [34] , as well as constraints from analyticity and crossing symmetry [35, 36] . 6 For a discussion of f N Q at higher orders in αs see [38, 39] . fermion sector [64] have sources of LFV as well. In order to make NP scenarios consistent with the nonobservation of LFV processes in nature, the assumption of Minimal Flavor Violation [65] has been extended to the lepton sector, see e.g. [66, 67] . LFV decays have been studied in a model-independent way in [14, [68] [69] [70] [71] .
In this section we consider three cases where LFV is induced via Higgs exchange: the SM extended with a dimension-6 operator, the 2HDM, and the MSSM. In general, for the exchange of any number of neutral scalar particles H 0 k (i.e. SM Higgs and possible new scalars in various BSM scenarios), the quark scalar Wilson coefficients in (3) receive the following tree-level contributions
Here k runs over the number of neutral scalars in the theory and the scalar-fermion-fermion terms in the NP Lagrangian are Γ
, where i and j label different flavors, i.e. ℓ 1 = e, ℓ 2 = µ, ℓ 3 = τ , etc. Since masses have the same anomalous dimension under QCD as the couplings Γ H 0 k ij (assuming that the scalar particles are not strongly-interacting), both quantities should be taken at the same scale in the numerical analysis.
For the comparison of constraints from µ → e conversion with µ → eγ we also need
Here
in the notation of [63] . The analogous expression for C R T is simply obtained by replacing L with R. ∆ Barr-Zee 2-loop denotes the contribution from Barr-Zee-type diagrams at two loops [72] , which are known to be numerically very important due to an m 2 t /m 2 µ enhancement. In the context of SM flavor-changing Higgs processes (where the muon Yukawa coupling is not tan β-enhanced), they even give the dominant effect in µ → eγ [12, 13, 73] .
A. Flavor-changing SM Higgs couplings from higher-dimensional effective operators
We first consider an extension of the SM with a dimension-6 operator giving rise to flavor-changing couplings of the SM Higgs. This arguably provides the most transparent way to illustrate how hadronic input for the scalar couplings to the nucleon affects the theory predictions. There is only one operator of dimension 6 which is not stringently constrained from µ → eγ or µ → eee [70] and can induce sizable LFV SM Higgs couplings, namely
Here φ refers to the SM Higgs doublet, ℓ i to a lepton doublet of flavor i, and e j to a lepton singlet of flavor j.
The Higgs-lepton-lepton coupling (in the physical basis with diagonal mass matrices) in this case is given by
Here v = 246 GeV and the mass matrix,
has been diagonalized via the transformation
which defines the Wilson coefficients in (15)
The effect of this operator on LF observables and LFV Higgs decays has been studied in [11] [12] [13] .
We have to deal with two free parameters C (corresponding to Γ µe and Γ eµ ), which allows us to point out in the most transparent way the differences between our approach for the nucleon scalar couplings and the approach based on [17, 19] and commonly used in the literature, see [13, 14] . The upper panel in Fig. 2 shows the bounds for (|Γ µe | 2 + |Γ eµ | 2 ) 1/2 from µ → e conversion in aluminum as a function of σ πN . 7 For the numerical analysis the overlap integrals are taken from Table I in [16] and the capture rate on gold atoms is the one determined in [74] . We set m h 0 = 125 GeV, ∆ Barr-Zee 2-loop = −1.32 m τ /m µ = −22.34 using the results in [13] . The blue band in Fig. 2 corresponds to the traditional approach where the strangeness content y is derived from the SU (3) relation y = 1−σ 0 /σ πN , and uncertainties estimated as explained in [20] . 8 The difference in slope is due to the artificial σ πN -dependence in this approach. Since only the sum of f N u + f N d enters, the bulk of the isospin-violating corrections from (7) actually drops out. Moreover, the red band is remarkably stable against variations of σ πN and despite the large discrepancy of f N s between both approaches the resulting effect on the bound is relatively moderate. The reason for this behavior can be understood from the fact that the relevant combination of scalar couplings
is actually dominated by the constant term, e.g. for σ πN = 50 MeV and f N s according to (9) the second term merely amounts to 1/3 of the first.
The impact of taking y from lattice or from the SU (3) relation was already studied in [14] , and the theoretical uncertainties were found not to constitute a limiting factor in the model-discriminating power of µ → e conversion experiments. Our findings show that if f N s is used as input instead of y, the results become remarkably insensitive to σ πN . Hence, with f N s taken from lattice, the artificial dependence on σ πN in the traditional approach is avoided and the hadronic uncertainties are appreciably reduced (with central values that differ significantly from the traditional ones for σ πN > ∼ 50 MeV). The same 7 We do not include the Barr-Zee-type diagrams for the vector operators in (5). The corresponding offshell-photon contribution has not been calculated in the literature so far, but we expect it to be negligible for the following reasons: first, it is suppressed by an additional factor e compared to the magneticmoment operator, and the wave-function overlap is about a factor of 2 smaller. Most importantly, since the vector operator is chirality-conserving, the LFV coupling always has to be paired with an insertion of the muon mass, in contrast to the chiralitychanging magnetic-moment operator. Therefore, the two-loop vector operator can be enhanced at most by mt/mµ compared to the one-loop magnetic-moment contribution. 8 Our analytic results agree with [13] , but our numerical bound on (|Γµe| 2 + |Γeµ| 2 ) 1/2 is stronger than the one quoted in Table I therein. We thank Jure Zupan for rechecking the numerics of [13] and confirming our result. The bound on (|Γ µe | 2 + |Γ eµ | 2 ) 1/2 from µ → e conversion is compared directly to the bound from µ → eγ in Fig. 3 . In view of the upcoming experiments µ → e conversion is likely to eventually provide the most stringent limits on Higgs-induced µ → e transitions in the SM with dimension-6 operators.
B. 2HDM with generic Yukawa couplings
In the 2HDM with generic Yukawa couplings (the 2HDM of type III) one has tree-level flavor-changing neutral Higgs couplings at tree level which can contribute to 9 Our conclusions hold true also for the case of an aluminum target, as chosen for both the Mu2e and COMET experiments. 1/2 as a function of the upper limit on µ → e conversion in aluminum (blue band), compared to limits from µ → eγ (horizontal lines). The red line refers to the present limit Br [µ → eγ] < 5.7 × 10 −13 [3] , the yellow and green lines to future projections 1.6 × 10 −14 and 6 × 10 −15 [75] .
LFV processes, see e.g. [60] [61] [62] [63] . In this case the general Higgs-fermion couplings of (13) are given by
Here, H 0 k = (H 0 , h 0 , A 0 ) k refers to the heavy CP-even Higgs, the SM-like Higgs, and the CP-odd Higgs, respectively. The coefficients x k q are given by
Assuming an MSSM-like Higgs potential the following relations among the parameters hold
The quantities ǫ q,ℓ ij are the non-holomorphic Higgsfermion couplings in the physical basis (see [63] for details on the conventions). This means that ǫ 
We can now use µ → e conversion to constrain the parameter space of the 2HDM [43] . It is interesting to note that in the 2HDM the last term in (13) drops out to a good approximation due to the cancellation between the heavy CP-even and the CP-odd Higgs contribution, while such a cancellation is absent in the tree-level contributions to µ → e conversion. This further suppresses (in addition to the suppression by small Yukawa couplings) the µ → eγ decay rate with respect to µ → e conversion, and reinforces the expectation that these bounds will be more stringent than the ones from µ → eγ, as already observed for the case of the SM dimension-6 operator. As an illustration, in Fig. 4 we show the constraining power of µ → e conversion as a function of the sensitivity within the reach of the future experiments with aluminum targets.
For simplicity we assumed an MSSM-like Higgs potential. This avoids CP violation and ensures at the same time unitarity and positivity of the Higgs potential. Of course there are also constraints from LHC searches and flavor observables on the 2HDM. For ǫ ℓ 33 = 0 CMS currently excludes heavy Higges in the 2HDM with masses below 480 GeV for tan β = 50 [76] . This limit can be weakened if ǫ ℓ 33 > 0. Concerning flavor constraints, b → sγ puts a lower limit on the charged Higgs mass of 380 GeV [77] in the 2HDM of type II. This limit is to a very good approximation independent of tan β for tan β > 1 and can only be weakened by destructive interference originating from ǫ u 23 . The tauonic B decays B → τ ν and B → D ( * ) τ ν recently showed some deviations from the SM predictions which cannot be accounted for in the 2HDM of type II [78] . However, non-zero values of ǫ u 32,31 can bring bring experiment and theory predictions into agreement [79] .
C. The MSSM with heavy SUSY particles
Many sources of LFV are present in the context of the MSSM (with or without seesaw mechanism) [43, [47] [48] [49] [50] [51] [52] [53] [54] [55] 80] . If the SUSY particles are heavier than the non-SM Higgses (H 0 , A 0 , and H ± ), then the constraints on the couplings ǫ q,ℓ ij obtained in the 2HDM (as discussed in the previous subsection) can be translated into bounds on SUSY-breaking parameters. Here we focus on this limit (i.e. m other SUSY particles. 10 The complete one-loop expressions for ǫ q,ℓ ij (in the decoupling limit) taking into account also the effects of the trilinear A-terms are given in [88] .
Out of all possible Higgs-quark-quark couplings (that have to be inserted into the 2HDM expressions (20) to infer the MSSM contribution in the decoupling limit) only the down-quark couplings can get enhanced corrections compared to the tree-level expressions
Here Σ
d LR ii
is the part of the down-quark self-energy arising from the vacuum expectation value of the up-type Higgs doublet (see [88] for details of the conventions). Σ
can give a correction of about 50% to the corresponding quark mass for large values of tan β [81] [82] [83] [84] [85] 11 and is thus numerically very important.
At the loop level, both bilinear SUSY-breaking terms [93] and A-terms [94] generate flavor-changing Higgs-lepton-lepton couplings. The leading term is proportional to tan 2 β and involves only the flavor-changing element δ
LL ℓ 12
of the left-handed bilinear slepton terms, 10 If this hierarchy of masses is not realized, all loop effects contributing to ǫ q,ℓ ij have to be taken into account (including boxes, Z-penguins, etc.) [55] . 11 For the NLO expressions we refer to [89] [90] [91] [92] . 
LL ℓ ij
are the dimensionless off-diagonal elements of the slepton mass matrices normalized by the average squark mass.
In the end, the dominant contribution to µ → e conversion is due to down-quark operators and scales like tan 6 β leading to stringent constraints [43, 80, 95] on the MSSM parameters. We show in Fig. 5 the size of ǫ ℓ eµ ≡ ǫ ℓ 12 as a function of tan β and the mass M 2 of the Wino, which occurs together with a slepton in the loop that generates ǫ ℓ eµ . Combining this with the constraints on the 2HDM parameter space (see Fig. 4 ), and taking into account the partially correlated effects in the Higgs-quark-quark couplings, one can obtain bounds on the MSSM parameter space.
IV. CONCLUSIONS
µ → e conversion is particularly sensitive to Higgsmediated LFV because it is not suppressed by small Yukawa couplings as µ → eγ and µ → eee (and neither by a cancellation between the CP-odd and the CP-even Higgs contribution). In this article we carefully investigated the impact of theoretical uncertainties induced by couplings of the nucleon to quark scalar operators in the context of µ → e conversion in nuclei.
The analysis relies on a clean separation of two-and three-flavor effects, with the u-and d-couplings expressed in terms of σ πN and isospin-breaking corrections derived in the rigorous framework of SU (2) ChPT [20] . This approach allows for a reliable assessment of uncertainties and thus a clarification of the role of hadronic uncertainties in µ → e conversion. We find that isospin-breaking effects largely cancel, since only the sum of u-and dquark enters, and that altogether the result is remarkably insensitive to variations of the u-, d-, and s-couplings, which can be traced back to a large constant term generated when integrating out the heavy quarks. We point out that taking the strangeness coupling f N s from lattice calculations instead of determining f N s from σ πN by means of an SU (3) relation as often done in the literature, not only reduces hadronic uncertainties appreciably, but also removes a large artificial dependence on σ πN .
We applied our results for the hadronic quantities to the case where flavor-changing SM-Higgs couplings are induced by a dimension-6 operator. Our bounds for the LFV couplings are stronger than previously thought. We further investigated the constraining power of future Mu2e and COMET experiments concerning flavorchanging parameters in the 2HDM, which can be translated into bounds on the MSSM parameter space. In view of the forthcoming experiments, µ → e conversion is likely to eventually provide the most stringent bounds on Higgs-mediated µ → e transitions.
